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Transport—dependent cell injury in the S3 segment of the proximal
tubule. Two distinct types of injury, cytoplasmic edema and cell
fragmentation occur in the S3 segment of the proximal tubule in isolated
hypoxic perfused rat kidneys (Krebs—albumin medium gassed without
02). The proportion of S3 tubules with fragmentation strongly corre-
lated with the GFR and urine output during the perfusion, and ap-
proached 100% when the GFR was increased by high perfusion pres-
sure. Conversely, the fragmentation lesion was absent and the edema
lesion extensive when tubular transport was inhibited by perfusion with
hyperoncotic medium to prevent glomerular filtration or by addition of
ouabain (102M) to the perfusate. Polyene antibiotics increase mem-
brane permeability and thus the work of active electrolyte transport.
Perfusion with amphotericin (3 x 105M) or nystatin (200 U/mliter) in
oxygenated medium also produced fragmentation in S3. The lesion was
prevented in the non-filtering kidney. Ouabain completely eliminated
the celifragineniation due to nystatin and significantly reduced that due
to amphotericin. These results suggest that the injury of cell fragmen-
tation is enhanced by transport activity and diminished when transport
is inhibited. The edema lesion appears fundamentally different and
more akin to lesions described in ischemia where tubular flow is absent,
active transport is diminished, and the morphologic changes appear
related to loss of cell volume regulation. The type of hypoxic damage
exhibited by proximal tubular S3 segments may therefore be condi-
tioned by active ion transport of tubular cells.
In the accompanying report, the morphology of proximal
tubule injury due to hypoxia in the isolated perfused kidney was
described [1]. S3 injury was seen to differ fundamentally from
S1, S2 injury. It was also noted that among S3 tubules there were
two distinct types of response, celifragmentation and cytoplas-
mic edema. In the present study the determinants of this
differential S3 response were examined. The morphology of the
edema lesion was reminiscent of that seen after ischemia
(without reflow) in the proximal tubule, while the fragment ation
lesion had no counterpart among the progressive stages of
ischemic damage. Rather, the fragmentation lesion with its
early mitochondrial swelling followed by cell disruption more
resembled the transport—dependent hypoxic lesion of the med-
ullary thick ascending limb described by Alcorn et al [2] and
Brezis et al [31. The relation of the S3 lesions to transport
Received for publication April 25, 1985,
and in revised form October 4, 1985
© 1986 by the International Society of Nephrology
activity is evaluated in this report by quantitative analysis of the
injury, and correlation with physiologic parameters. The effects
of ouabain and of polyene antibiotics on 53 injury were also
studied. The results suggest that transport activity is a crucial
determinant in the response of S3 to hypoxic injury.
Methods
Male Sprague—Dawley rats weighing 370 to 470 g, fed on
Purina rat chow, and allowed free access to water were used for
all experiments. Isolated perfusion of the right kidney was
performed according to the method of Ross et al [4]. The
perfusion medium consisted of a Krebs—Ringer—Henseleit solu-
tion containing (in mM): Na, 143; Cl, 103; K, 4.5; bicarbonate,
24; Ca, 2.5; Mg, 1.2; phosphate, 1.2; pH of 7.4 when gassed
with 5% Co2; and bovine serum albumin at a concentration of
6.7 gldliter, unless indicated otherwise. Glucose at 5 m was
added in all experiments. All perfusions were carried out for 90
mm.
Experimental groups
Hypoxia. Kidneys were perfused with nonoxygenated me-
dium (that is, gassed with 95% N2, 5% CU2). The usual
perfusion pressure was 85 mm Hg at the tip of the cannula (N =
8). In some experiments, the perfusion pressure was raised to
125 mm Hg (N = 2), or lowered to 40 mm Hg (N = 2).
Hypoxia & ouabain (N = 5). Ouabain, at a concentration
sufficient to maximally inhibit NaKATPase activity (10mM), [41
was added to non-oxygenated medium. The perfusion pressure
ranged from 100 to 130 mm Hg to overcome the vasoconstric-
tive effect of ouabain.
Hypoxia in non-filtering kidneys (N = 4). Glomerular filtra-
tion, and hence solute delivery to the proximal tubule, was
reduced by raising the oncotic pressure of the non-oxygenated
perfusion medium with albumin at a concentration of 10.5 to 12
g%. Perfusion pressure was 85 mm Hg.
Polyene antibiotics. Amphotericin (3 X io- M, N = 6), or
nystatin (200 U/mliter, N = 5), was added to oxygenated (95%
02, 5% CU2) perfusion medium.
Polyene antibiotics & ouabain. Ouabain was included along
with amphotericin (N = 5), or nystatin (N = 3), in oxygenated
medium. Doses were as above.
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Fig. 1. S3 lesions in hypoxia. Cyfoplasmic edema (E) and cell fragmen-
tation (F) lesions intermixed among S3 tubules in the susceptible
medullary ray associated zones. Note the mutual exclusion of the two
lesions with respect to individual tubules. (x 320).
Amphotericin in non-filtering kidneys (N = 2). Amphotericin
at the usual dose was added to oxygenated hyperoncotic
albumin medium.
During perfusion the urine was collected at 10 mm intervals.
Volume was recorded, and the mean GFR was calculated by the
clearance of 3H-inulin after the first 20 mm of perfusion.
Following perfusion, each kidney was fixed via the perfusion
circuit with 1.25% gluteraldehyde in 0.1 M phosphate buffer pH
(7.4). A I to 2 mm thick section was removed from the central
portion of the kidney and 4 x 4 mm sections containing the
entire width of the cortex and outer stripe were taken from that
slice, post-fixed in 2% osmium tetroxide, dehydrated and em-
bedded in an araldite-epon 812 mixture. Evaluation was by light
microscopy of one micron sections. Quantitation of S3 tubules
was done with a 40 x high power objective with the slide on a
mechanical stage, moving along a line through the midportion of
the outer stripe of the outer medulla. All proximal tubules
within the field were evaluated and the percentage of tubules
partially or totally involved by cytoplasmic edema or the cell
fragmentation spectrum of lesions was recorded.
Results
Hypoxia
Types of S lesions. Asdescribed elsewhere, [1] there are two
distinct types of hypoxic injury in S3: cytoplasmic edema and
cell fragmentation. In each kidney these two lesions are inter-
mixed among the S3 tubules in the susceptible zones (deeper,
more central portions of the medullary ray and areas in the
outer stripe underlying the medullary ray). The two types of
injuryappeared mutually exclusive with respect to an individual
tubule (Fig. 1). The cytoplasmk edema lesion is characterized
by cell swelling. Frequently associated findings are collapse of
the tubule or obstruction of the lumen with globular debris. The
cell fragmentation spectrum of lesions includes tubules with
Fig. 2. Relationship of urine output during hypoxic perfusion to type of
S3 i,jury. Rat kidneys were perfused with cell—free Kreb's albumin
medium gassed with 95% N215% CO2. Following this hypoxic period,
the S3 proximal tubules in the outer stripe were evaluated for the
presence of the cytoplasmtc edema or the cell fragmentation lesions.
Each bar represents one experiment, in each kidney more than 85% of
the S3 tubules were involved by one or the other lesion.
cells that show only high grade mitochondrial swelling and
some decreased cell height, tubules which show irregularities of
the luminal border in addition to these changes and tubules with
irregularity such that there appears to be cell dropout with focal
denudation of the basement membrane. In evaluating a given
tubule, it was difficut to be categorical about these changes as
there was much overlap. Thus for quantitative purposes the
entire spectrum of changes was lumped under the single head-
ing describing the most severe lesion, fragmentation.
Relationships between the type of S3 lesion and the urine
output or GFR. Most of the S3 tubules were at least partially
damaged following hypoxia. The relative proportions of edema
andfragmentation lesions among the tubules was related to the
urine output and average GFR during the perfusion. Figure 2
shows that at low urine output, edemawas the prevalent lesion,
while at high urine output most tubules showed fragmentation.
Similarly, Figure 3 shows that the percent of tubules with
fragmentation was higher in experiments where the (iFR during
perfusion was higher. When the GFR was purposely raised by
increasing the perfusion pressure to 125 mm Hg, nearly all S3
tubules showed fragmentation. Conversely, decreasing perfu-
sion pressure to 40 mm Hg yielded kidneys with few S3 tubules
involved by fragmentation. When filtration was prevented by
perfusion with hyperoncotic medium at regular perfusion pres-
sure there was also minimal cell fragmentation among S3
tubules.
!ffect of ouabain. When the perfusion medium contained
ouabain, hypoxia resulted in edema lesions in S3 with little or no
fragmentation, even at relatively high GFR (Fig. 3).
Polyene antibiotic perfusion
Types of S3 injury with amphotericin and relationship to
GFR. Perfusion with 3 x 10—s M amphotericin in oxygenated
(95% 02/5% C02) medium resulted in fragmentation lesions in
34 to70%ofS3 tubules, and edema lesions in up to 15% (Fig. 4).
The affected tubules were located in the medullary ray associ-
ated zones that previously were found to be most susceptible to
hypoxia. [11 In the non-filtering kidney fragmentation was
minimal and nearly all S3 tubules showed edema.
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Fig. 3. Relationship of 53 cell fragmentation lesions to GFR during
hypoxic perfusion and effect of ouabain. With the perfusion pressure
routinely used (85 mm Hg), the percent of S3 tubules with cell
fragmentation was directly proportional to the GFR (is). When the
GFR was increased by perfusion at high pressure (125 mm Hg), nearly
all S3 tubules showed the lesion (•). Conversely, when GFR was
minimized by either perfusion at low pressure (40 mm Hg, 0) or by
increasing the albumin concentration of the medium (hyperoncotic
non-filtering kidney, 0), there was minimal cell fragmentation. The
data from all these groups fit a sigmoid function relating the %
fragmentation to GFR with a correlation coefficient of r> 0.9. When
ouabain was added to the medium there was minimal cell fragmenta
tion, regardless of the GFR (•). At GFR greater than 0.15 cc/mm, the
difference between the hypoxic kidneys and the ouabain—treated (---)
hypoxic kidneys is striking.
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Fig. 4. S3 injury after amphotericin perfusion. The percentage of
affected tubules is plotted for each experiment against the mean GFR
during the perfusion period. Symbols are: 0, cytoplasmic edema;•,
cell fragmentation spectrum. There was a tendency for more cell
fragmentation in experiments where GFR was higher. In two experi-
ments (*), the kidneys were made non-filtering using hyperoncotic
albumin medium.
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Fig. 6. Effect of ouabain on S3 injury. The data presented are the mean(x) +1— SE. Symbols are the same as in Fig. 4.
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Fig. S. S3 injury after nystatin perfusion. Symbols are the same as in Fig.
4.
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Types of S3 injury with nystatin and relationship to GFR.
Perfusion with 200 U/cc nystatin in oxygenated medium re-
sulted in lesions in 52 to 100% of S3 tubules (Fig. 5). The percent
of tubules with fragmentation correlated with the GFR (P <
0.05). Thus, at GFR less than 0.03 cc/mm, nearly all tubular
injury was of the edema type, while at GFR greater than 0.1
cc/mm, a significant proportion of tubules showed the fragmen-
tation lesion. In these latter experiments the affected tubules
were in the medullary ray associated zones.
Effect of ouabain. When ouabain was included with
amphotericin (Fig. 6, Table 1), there was a significant reduction
in the percent of S3 tubules with fragmentation compared to
amphotericin perfusion alone, while at the same time there was
a marked increase in the percent of tubules with edema and the
total number of injured tubules. Similarly, ouabain added to
nystatin resulted in the absence of fragmentation and a diffuse
involvement by edema lesions. These effects were independent
of GFR.
Discussion
The S3 segment of the proximal tubule in the rat has received
much attention because it is selectively susceptible to various
types of injury including ischemia. [5] The factors determining
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Cell fragmentation, %
P<0.0125 P<0.OOl P<0.05
Total S3 injury, %
NS P < 0.001 P <0.01
GFR, mean SE in cc/mm
P<O.05 NS NS
(0.11 0.02) vs. (0.13 0.04) vs. (0.08 0.03) vs.
(0.29 0.08) (0.11 0.02) (0.l2 0.03)
the response of this segment to injury have not been adequately
characterized. During hypoxic perfusion of the isolated kidney,
the response of S3 differed from that in the remainder of the
proximal tubule. [1] Two distinct types of S3 lesions were noted.
These were termed edema and fragmentation. In the present
experiments, the type of lesion predominating among S3 tubules
in each kidney was found to be dependent on the urine output
and GFR during the experiment. This direct correlation of the
extent of fragmentation to the GFR suggested that this lesion
was transport related, since reabsorptive transport in S1 must
depend on GFR and solute delivery. To test this hypothesis,
ouabain at a concentration known to completely inhibit
NaKATPase activity was added to the perfusion medium. In
these experiments the fragmentation lesion was prevented.
To further examine the response of S3. its morphology was
examined after perfusion with polyene antibiotics in oxygen-
ated medium. Amphotericin and nystatin are known to increase
membrane permeability, disrupt ionic gradients, and increase
the expenditure of energy by the NaKATPase pump [6—7].Both
the fragmentation and edema lesions were seen after perfusion
with these agents. Fragmentation did not appear to be a direct
toxic effect of the polyene since it was significantly reduced or
prevented by ouabain. The finding is consistent with the hy-
pothesis that in this situation, fragmentation is enhanced by
activity of NaKATPase, which is stimulated by the influx of
Na' into the cell caused by the polyene ionophore. The
distribution of damaged tubules suggests that hypoxia is a
cofactor in this injury and is probably related either to
polyene—induced vasoconstriction [8] or to high oxygen demand
in areas known to be at risk even with an oxygenated perfusate.
lii it is of interest that in the presence of both polyene and
ouabain, nearly all S3 tubules show the edema lesion. This
suggests that altered membrane permeability and inhibition of
NaKATPase activity predispose to this type of injury. Thus, the
two types of lesions seen in S3 appear to result from fundamen-
tally different mechanisms. Fragmentation in hypoxia is en-
hanced by an increase in active ion transport, while edema is
seen when transport is diminished [Fig. 7].
With respect to the role of ATP depletion as a possible factor
mediating transport dependent injury, it is noteworthy that total
ischemia (without reflow), after clamping of the renal artery,
causes essentially an edema—type of lesion [9]. In this situation,
transport—dependent injury as described in this report would
not be expected to occur. Renal ATP depletion is marked in this
type of experiment and falls to levels lower than those observed
after hypoxic perfusion. [10] The prevailing concept is that the
cell swelling in ischemia is at least in part due to diminished
Hypoxia vs.
hypoxia + onabain
Table 1. Statistical analysis of the type and extent ofS3 injury. Cell fragmentation_j
Amphotericin vs.
amphotericin +
ouabain
Nystatin vs.
nystatin +
ouabain Active transport
I
Mitochondrial metabolism
? Free radicals
_________________
Cytoplasmic edema
Transport Membrane
inhibited damage
Na influx
Membrane damage
Osmotic cell swelling
Fig. 7. Two distinct types of hypoxic injury in the S proximal tubule
segment.
activity of the sodium pump secondary to inadequate ATP [9].
Thus, loss of cellular ATP per se may not be responsible for the
transport—related S3 injury of fragmentation. Such is the situa-
tion for transport dependent injury in the mTal as well. 110]
In conclusion, this study has further defined the distinctive
morphological response of S3 to hypoxia. In contrast to S1 and
S2, the transport state seems to be an important determinant for
the type of injury. The cell fragmentation lesion seems analo-
gous to the previously reported hypoxic lesion in the medullary
thick ascending limb which is morphologically similar, having
an early phase of mitochondrial swelling followed by complete
disintegration of the cell, and which has also been shown to be
transport—dependent. The mechanism by which active trans-
port might mediate these lesions is unknown, but it is interest-
ing to speculate that a high rate of mitochondrial metabolism
might lead to the generation of free radicals in hypoxia. LII].
In contrast, the cytoplasmic edema lesion appears to be a
fundamentally different type of injury. The morphology is
reminiscent of that seen after ischemia and seems to reflect loss
of cell volume regulation. Important pathogenic factors are
inhibition of the sodium pump and altered permeability of the
plasma membrane.
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